It has generally been assumed that bone mass is controlled by endocrine mechanisms and the local bone environment. Recent findings demonstrate that central pathways are involved in the regulation of bone mass. Estrogen is involved in the regulation of bone homeostasis and the CNS is also a target for estrogen actions. The aim of this study was to investigate in vivo the role of central estrogen receptor-α (ERα) expression for bone mass. Nestin-Cre mice were crossed with ERα flox mice to generate mice lacking ERα expression specifically in nervous tissue (nestin-ERα
It has generally been assumed that bone mass is controlled by endocrine mechanisms and the local bone environment. Recent findings demonstrate that central pathways are involved in the regulation of bone mass. Estrogen is involved in the regulation of bone homeostasis and the CNS is also a target for estrogen actions. The aim of this study was to investigate in vivo the role of central estrogen receptor-α (ERα) expression for bone mass. Nestin-Cre mice were crossed with ERα flox mice to generate mice lacking ERα expression specifically in nervous tissue (nestin-ERα
−/−
). Bone mineral density was increased in both the trabecular and cortical bone compartments in nestin-ERα −/− mice compared with controls. Femoral bone strength was increased in nestin-ERα −/− mice, as demonstrated by increased stiffness and maximal load of failure. The high bone mass phenotype in nestin-ERα −/− mice was mainly caused by increased bone formation. Serum leptin levels were elevated as a result of increased leptin expression in white adipose tissue (WAT) and slightly increased amount of WAT in nestin-ERα −/− mice. Leptin receptor mRNA levels were reduced in the hypothalamus but not in bone. In conclusion, inactivation of central ERα signaling results in increased bone mass, demonstrating that the balance between peripheral stimulatory and central inhibitory ERα actions is important for the regulation of bone mass. We propose that the increased bone mass in nestin-ERα −/− mice is mediated via decreased central leptin sensitivity and thereby increased secretion of leptin from WAT, which, in turn, results in increased peripheral leptin-induced bone formation.
B
one mass is maintained by highly regulated processes involving osteoblastic bone formation and osteoclastic bone resorption. Bone is traditionally considered to be regulated by hormones, autocrine/paracrine signals, and mechanical loading. It is now recognized that the regulation of bone involves other systems within the organism, including the CNS. It has been known for long time that bone is an innervated tissue containing both efferent and afferent fibers in bone marrow and the periosteum (1) . However, the first clear evidence that central signaling affects bone mass was the finding that leptin-deficient mice, despite their hypogonadism, had high bone mass, and that this phenotype was reversed by intracerebroventricular injections of leptin (2) . Furthermore, mice lacking the β2-adrenergic receptor, which binds the main sympathetic neurotransmitter noradrenaline, are resistant to the central bone-reducing effects of leptin, demonstrating that central leptin signaling may affect bone via the sympathetic nervous system (3). Thus, sympathetic signaling appears to be involved in bone regulation and to have a negative impact on bone mass (4) . These studies show that neuronal signaling is important for bone regulation and have fortified the link between skeletal and neuronal biology. Furthermore, peripheral leptin treatment increases bone mass both in rodents (2, 5) and in hypoleptinemic women (6) . Thus, leptin has opposite peripheral versus central effects on bone mass.
Several neurotransmitters have been shown to be involved in bone regulation, including serotonin. Central serotonin has been suggested to decrease sympathetic signaling and thereby enhance bone mass (7) . The notion that peripheral serotonin has a negative influence on bone mass, suggesting that this neurotransmitter may have opposite peripheral versus central effects, is supported by some but not others (8, 9) .
Another system involved in bone regulation is the immune system. The immune system may influence bone regulation both by soluble factors, such as cytokines, and by cellular components, including T lymphocytes. Activated T lymphocytes express RANKL (receptor activator of NFκB), a cytokine that is crucial for the differentiation and activation of bone-resorbing osteoclasts, and may therefore affect bone regulation (10) .
Estrogens are important endocrine regulators of skeletal growth and maintenance, as demonstrated in both experimental and human studies (11) (12) (13) . Estrogen deficiency, induced by ovariectomy (ovx) in animal models, or after menopause, reduces trabecular bone mineral density (BMD) as well as cortical bone mass, but estrogen substitution restores both bone compartments (14, 15) .
The physiological effects of estrogen are mainly exerted via the two classic nuclear estrogen receptors (ERs), ERα and ERβ, which are ligand-activated transcription factors. We and others have previously demonstrated, using transgenic mouse models, that signaling via ERα protects against ovx-induced trabecular bone loss (14, 16, 17) . In contrast, ERβ is not essential for this boneprotective effect of estrogen (14, 17) , although the ERα activity can be modulated by ERβ in female bone (18) . Bone loss caused by estrogen deficiency is restored by local injections of estrogen, demonstrating that peripheral estrogen action is important for bone regulation (19) . Furthermore, using transgenic mouse models, the importance of both osteoblasts (20) and osteoclasts (21) for the peripheral estrogenic effects on bone has been demonstrated. Thus, estrogen has positive peripheral effects on bone.
The CNS is a target for estrogen and the nuclear ERs are widely distributed in the brain (for review of estrogen actions in the brain see ref. 22 ), but whether central estrogenic signaling affects the skeleton is not known. We have previously tried to address this question by comparing central (intracerebroventricular) estradiol administration to peripheral (subcutaneous) administration (23). We did not detect any differences between administration routes with respect to the influence of estrogen on bone density, but the results might have been confounded by the fact that estradiol can easily pass the blood-brain barrier.
We have deleted ERα, the main ER for estrogenic bone effects, specifically in nervous tissue, and demonstrated that ERα expression in neuronal cells affects bone mass.
Results

Generation of Mice with a Specific Deletion of ERα in Nervous Tissue.
To investigate the role of central ERα signaling for bone regulation, we generated nestin-Cre mice in which ERα is selectively ablated in nervous tissue (Materials and Methods). We analyzed by RT-PCR, the brain-specific Cre expression (Fig. 1A) and selective ERα deletion (Fig. 1B) . In brain (hypothalamus), we observed a 88% reduction in ERα expression compared with control mice, but no significant effect on expression was detected in the nonneuronal tissues bone (femur), spleen, uterus, liver, or striated muscle (Fig. 1B) . Furthermore, no compensatory alteration in expression of ERβ was detected in any of the tissues examined (Table S1 ). Body weight was monitored at 3, 6, 9, and 12 wk of age, and no difference between nestin-ERα −/− and control mice was detected at any time point (Table S2) .
Nestin-ERα
−/− Females Have Normal Levels of Sex Steroids, Leutenizing Hormone, and FSH. To determine whether the negative feedback regulation was disturbed in female nestin-ERα −/− mice serum levels of the sex steroids, estradiol and testosterone, leutenizing hormone (LH) and FSH were analyzed. In ERα-null mutant mice (ERα −/− , mice homozygous for the deletion of ERα exon 3), we confirmed the previously described (16, 24) dramatic increase in serum estradiol levels compared with control mice (Fig.  1C) . The same analysis in nestin-ERα −/− mice did not result in significantly increased serum estradiol levels (Fig. 1C) . Testosterone and LH levels were unchanged in nestin-ERα −/− females compared with control mice, but the total ERα deletion led to an increase in both testosterone and LH compared with control mice (Fig. 1C) . Analysis of serum FSH revealed unchanged levels in nestin-ERα −/− mice compared with WT mice (Table S3) . compared with control mice (tibia: +81%, P < 0.01; femur: +93%, P < 0.001) ( Fig. 2A and Fig. S1A ). The cortical parameters, volumetric BMD and thickness, were also increased in nestin-ERα −/− mice compared with controls in both tibia and femur ( Fig. 2 B and C and Fig. S1 B and C).
To further examine the trabecular bone effects in nestin-ERα −/− females, μCT analyses of proximal tibia and vertebrae were performed. Trabecular bone volume per tissue volume (BV/TV) was increased in nestin-ERα −/− mice compared with control mice (+87%, P < 0.05 and 55%, P < 0.01 in tibia and vertebra, respectively) ( Fig. 2 D and E) . This increase in bone volume was both because of increased trabecular thickness (+37% and 21%, P < 0.01 in tibia and vertebrae, respectively) ( Fig. 2F ) and because of trabecular number (+33%, P < 0.05 and 30%, P < 0.01 in tibia and vertebrae, respectively) ( Fig. 2G ) in nestin-ERα −/− females compared with controls. Similar results were seen after static histomorphometric analysis of distal femur (Table S4) .
Bone Strength Is Increased in Nestin-ERα −/− Females. To evaluate the biomechanical properties of the bone, three-point bending was performed. Deletion of central ERα signaling resulted in increased femur stiffness compared with controls (+31%, P < 0.05) (Fig. 2H) . Furthermore, the maximal load at failure (F max ) ( Fig. 2I) as well as the force applied at the start of the plastic deformation (F yield , +40%, P < 0.01) were increased in nestin-ERα −/− mice compared with control mice.
Effect on Bone Remodeling in Nestin-ERα
−/− Females. To determine the importance of central ERα signaling for bone formation, a dynamic histomorphometric analysis of tibia was performed. The tissue-referent bone formation rate (BFR/TV), which relates the amount of newly formed bone to the total tissue volume (bone and bone marrow), was significantly increased in nestin-ERα −/− females compared with controls ( Fig. 2J) , and there was a tendency to an increase (P = 0.07) in the bonereferent bone formation rate (BFR/BS), which relates the newly formed bone to the bone surface (Table S4) . Expression of the osteoblast-specific protein bone sialoprotein (BSP) in femur revealed a significant increase in nestin-ERα −/− mice compared with control mice (+91%, P < 0.05) (Table S3 ). Furthermore, we found a tendency (+86%, P = 0.06) to increased expression of dentin matrix acidic phosphoprotein 1, a marker for osteocyte differentiation, in the bone of nestin-ERα −/− mice compared with control mice (Table S3 ). The serum level of osteocalcin, a marker for bone formation, was unchanged when comparing nestin-ERα −/− females with control mice (Table S3 ). The number of osteoclasts, as determined by histomorphometric analysis, Values are given as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 vs. control mice, Student's t test. ND, not detectable.
transcription of osteoclast-related genes (cathepsin K, RANKL, tartrate resistant acid phosphatase isoform 5b, osteoprotegerin) and the level of collagen type I c-telopeptide (RatLaps), a serum marker for bone resorption, were not significantly altered in nestin-ERα −/− mice (Tables S3 and S4 ).
Effect of Ovariectomy on Bone in Nestin-ERα
−/− Females. A high bone-mass phenotype might depend on developmental effects causing early high bone-mass accrual. Therefore, we ovariectomized the mice to determine whether the high bone mass was because of a dynamic event. Ovx of control mice resulted in decreased BV/TV, as measured by μCT (Fig. 2K) . Ovx of nestin-ERα −/− mice resulted in a significantly more pronounced loss of BV/TV in both femur and vertebra compared with the ovx-induced bone loss in the corresponding bone compartment in control mice (P < 0.01) (Fig. 2K and Fig. S2A ). BV/TV in femur and vertebrae were not significantly distinguishable between ovariectomized control and nestin-ERα −/− . Similar results for trabecular BMD were seen after pQCT analysis of femur and tibia (Fig. S2B ).
Nestin-ERα
−/− Females Have Increased Circulating Levels of Leptin.
To assess the possibility that central estrogen signaling affects bone via leptin or the serotonergic system, both peripheral and central serotonin levels and serum leptin levels were analyzed. Furthermore, because central leptin and serotonin have been suggested to affect bone via an influence on sympathetic nerve signaling, parameters reflecting sympathetic signaling were also analyzed. Peripheral serotonin signaling. Serum levels of serotonin were not affected in nestin-ERα −/− mice compared with control females (Fig. 3A) . Furthermore, as the effects of serotonin on bone have been suggested to be mediated by actions via the serotonin receptor 1b (8) , the expression of this receptor was investigated in tibia. However, no expression differences between nestin-ERα −/− and control mice were detected (Table S3) . Central serotonin signaling. No difference in central serotonin levels were detected between nestin-ERα −/− and control mice (Fig. 3A) . Sympathetic nerve signaling. To determine the possible role of central ERα signaling for sympathetic nerve signaling, catecholamine excretion in urine was measured. No difference was detected between nestin-ERα −/− and control mice (Fig. 3A) . Furthermore, (Fig. 3A) . Leptin signaling. Serum leptin levels were significantly increased in nestin-ERα −/− mice compared with control mice (+41%, P < 0.001) (Fig. 3B) . Importantly, the mRNA levels of leptin in white adipose tissue (WAT) were clearly increased in nestin-ERα −/− mice compared with control mice (+77%, P < 0.05) (Fig. 3C) . No significant body weight difference between nestin-ERα −/− and control mice was detected but retroperitoneal fat mass was increased in nestin-ERα −/− mice (+55%, P < 0.05) (Fig. 3D and Table S2 ). Hypothalamic, but not bone, mRNA expression of the leptin receptor was decreased in nestin-ERα −/− mice compared with control mice (Fig. 3A and Table S3 ). The expression of suppressor of cytokine signaling-3 (SOCS3) and protein tyrosine phosphatase-1b (PTP1b), two negative downstream regulators of leptin signaling (25) , was unaffected in the hypothalamus of nestin-ERα −/− mice (Fig. 3A) .
Nestin-ERα −/− Females Have Altered Regulation of T Lymphocytes.
The immune system is known to be involved in the regulation of bone mass, mostly via secretion of cytokines, but also via altered activity of various cells, including T lymphocytes. Analysis of the proinflammatory cytokine IL-6, which has a role in T-cell survival, proliferation, and activation (26) in tibia, revealed decreased expression in nestin-ERα −/− females compared with controls (−48%, P < 0.01) (Fig. 3E) . The expression of class II MHC transactivator (CIITA), a regulator of MHC II, which is involved in antigen presentation by macrophages and T-cell activation, was also decreased in nestin-ERα −/− tibia compared with controls (−38%, P < 0.05) (Fig. 3E) . The frequency of T lymphocytes (CD3 + cells) in bone marrow was significantly decreased in nestin-ERα −/− females (−21%, P < 0.01) (Fig. 3F) . Furthermore, T-cell proliferation in spleen was decreased in nestin-ERα −/− mice compared with control mice (−28%, P < 0.05) (Fig. 3G) .
Discussion
We have deleted ERα signaling in nervous tissue, using the CreloxP system, to determine the importance of central ERα signaling for the regulation of bone mass. Deletion of ERα in neuronal cells resulted in a substantial increase in bone mass. We propose that the main mechanism for the increased bone mass in nestin-ERα −/− mice is mediated via decreased central leptin sensitivity in the hypothalamus, and thereby increased secretion of leptin from WAT, which, in turn, results in increased peripheral leptin-induced bone formation.
The Cre-mouse used in this study is nestin-Cre, which is a widely used and well-described mouse model for deleting gene expression in the CNS (27) . The specificity of the mouse model was validated using RT-PCR and Cre expression showing impaired ERα expression in brain but not in bone.
Nestin-ERα −/− mice had increased BMD in both the trabecular and cortical bone compartments and in both the appendicular and axial skeleton. The increase in trabecular BMD was because of both an increase in trabecular number and trabecular thickness. Furthermore, cortical thickness and bone strength were increased in nestin-ERα −/− mice. Thus, prevention of ERα signaling in the nervous system leads to increased bone density and increased bone strength.
Previous studies have shown that total deletion of ERα results in a preserved bone mass phenotype caused by disturbed negative feedback of sex steroids acting via the androgen receptor (17, 24) . To determine whether a disturbed negative feedback might cause the increased bone mass seen in nestin-ERα −/− mice, serum levels of sex steroids and LH were measured. As demonstrated previously, total ERα deletion resulted in dramatically increased serum sex steroid levels (16, 24) . However, no significant increase was detected in nestin-ERα −/− mice, demonstrating that a disturbed negative feedback regulation of sex steroids is not the primary cause of the increased bone mass. These data support previous findings of normal LH levels in neuron-specific ERα knockout female mice (28) .
Dynamic histomorphometric analyses demonstrated a significantly increased bone formation rate in nestin-ERα −/− females, indicating that the bone formation rate is increased in mice lacking central ERα expression. Furthermore, expression analyses revealed increased expression of osteoblast-and osteocytespecific transcripts after central ERα deletion, supporting the conclusion that bone formation is affected in these mice.
Nestin-ERα −/− mice might have a higher bone mass because of increased accrual of bone during early growth. To test this theory, control and nestin-ERα −/− mice were subjected to ovx and bone mass was measured after 4 wk. The bone mass in ovx nestin-ERα −/− mice was equal to the bone mass in ovx control littermates. Thus, there was a significantly higher bone loss in nestin-ERα −/− compared with controls. These data demonstrate that the increased bone mass seen in nestin-ERα −/− mice is not because of a higher bone accrual during early development, but is a dynamic event.
ERs are present both peripherally and centrally. Several studies have shown that estrogen clearly has positive peripheral effects on bone (19) (20) (21) 29) . In contrast, deletion of central ERα signaling in the present study resulted in increased bone mass, suggesting that Fig. 3 . Possible pathways for the central ERα effect on bone. (A) Peripheral (serum) and central serotonin levels, measured using ELISA and HPLC, respectively (n = 8-10). Urinary catecholamine secretion (ng/mL) related to urinary creatinine (Cr) (mg/dL) content (n = 7). UCP1 mRNA expression in BAT (n = 5-9). Leptin receptor (LepR), SOCS3, and PTP1b mRNA expression in hypothalamus (n = 5-7). (B) Serum levels of leptin (n = 9-10). (C) Leptin mRNA expression in WAT (n = 6-7). (D) Retroperitoneal fat mass (mg) (n = 6-7). (E) mRNA expression in bone (tibia) of IL-6 and CIITA (n = 9). (F) T-cell frequency (CD3 + cells) in bone marrow (BM) (n = 9-10) and (G) T-cell proliferation in spleen (n = 6-10). (H) Schematic presentation of the main proposed mechanism for the central ERα effect on bone (see Discussion). Values are given as mean ± SEM; *P < 0.05, **P < 0.01 vs. control, Student's t test.
central estrogen signaling has a negative impact on bone and that the peripheral and central actions of estrogen on bone are opposite.
Another substance with the same suggested properties regarding opposite central versus peripheral effects on bone is the neurotransmitter serotonin (7, 8) . Both central and peripheral serotonin levels were normal in nestin-ERα −/− . Central serotonin signaling affects bone via altered sympathetic signaling (7), and sympathetic tone, as determined by catecholamine secretion in urine and UCP1 (uncoupling protein 1) expression in brown adipose tissue (BAT), was not affected in nestin-ERα −/− mice. Therefore, no support was obtained for the possibility that the bone phenotype seen in nestin-ERα −/− mice is caused by altered serotonin regulation or sympathetic tone. These data are in accordance with previous results suggesting a more prominent role for ERβ in the regulation of the central serotonergic system (30) .
Leptin, a hormone involved in the regulation of food intake and energy expenditure, has also been shown to be involved in the regulation of bone mass, with opposing central versus peripheral effects (2, 5) . Central leptin signaling has negative effects on bone mass, tentatively via increased sympathetic output (2, 3) . However, sympathetic signaling in nestin-ERα −/− mice was unaffected, indicating that the bone phenotype is not mediated via altered central leptin signaling. A direct peripheral effect of leptin in bone is supported by the fact that the signaling form of the leptin receptor is expressed by several skeletal cell types, including osteoblasts, chondrocytes, and bone marrow stromal progenitor cells (31) (32) (33) . Peripheral leptin signaling has been demonstrated to increase osteoblast differentiation and bone formation, leading to increased bone mass (6, (31) (32) (33) . Serum levels of leptin and bone formation were both increased in nestin-ERα −/− mice, suggesting that increased peripheral leptin signaling is involved in the high bone-mass phenotype (Fig. 3H) . Circulating leptin is mainly adipocyte-derived and is regulated by the leptin expression within WAT and the amount of WAT. Importantly, we observed a substantial increase in leptin mRNA levels in WAT and the amount of WAT (retroperitoneal) was also increased. Thus, the elevated serum leptin levels in the nestin-ERα −/− mice were the result of both a clearly increased leptin expression within the WAT and an increase of the amount of WAT. It is well established that decreased central leptin sensitivity (increased resistance) results in elevated serum leptin levels (34) and can result from impaired central leptin receptor signaling (25) . Importantly, we found the expression of the signaling form of the leptin receptor to be decreased in the hypothalamus in nestin-ERα −/− mice. The expression of SOCS3 and PTP1b, two negative regulators of leptin signaling (25) , was unaffected in the hypothalamus of nestin-ERα −/− mice, suggesting that the effect is on the receptor level and not on downstream signaling mechanisms. These data are in concert with previous studies demonstrating coexpression of ERs and leptin receptors in the hypothalamus (35, 36) and estrogenic effects on central leptin sensitivity (37) (38) (39) . In contrast, expression of leptin receptors in bone was unaffected in nestin-ERα −/− mice, supporting the notion that the impaired leptin sensitivity is specific to the nervous system. Taking these data together, we propose that the main mechanism for the increased bone mass in the nestin-ERα −/− mice is mediated via peripheral leptin action: deletion of ERα in nervous tissue results in decreased expression of leptin receptors in hypothalamus, leading to reduced central leptin sensitivity and thereby increased secretion of leptin from WAT, resulting in the observed elevated serum leptin levels in nestin-ERα −/− mice. The elevated serum leptin levels in turn increase bone mass by augmenting bone formation (Fig. 3H ).
An alternative mechanism that might contribute to the high bone-mass phenotype in the nestin-ERα −/− mice is altered T-cell regulation. Activation of T cells results in decreased bone mass (40) . Interestingly, expression in bone of both CIITA and IL-6, two factors known to enhance T-cell activation (26, 41, 42) , as well as T-cell frequency and proliferation, were decreased in nestin-ERα −/− mice, supporting a contributing role for altered T-cell regulation in the nestin-ERα −/− bone phenotype. However, the reduction of the number of T cells in nestin-ERα −/− mice was not leading to a significantly reduced number of osteoclasts or bone resorption, arguing against a major impact of altered T-cell regulation for the increased bone mass. The present study suggests that the balance between peripheral stimulatory and central inhibitory ERα actions determines the bone mass. Because estrogen treatment is known to be associated with side effects, such as breast cancer and thromboembolism (43, 44) , it would be beneficial to develop a bone-specific estrogen treatment. One may, therefore, speculate that it would be useful to separate the peripheral effects of estrogen from its central effects. For an optimal bone health, it is probably favorable to treat with an ERα-specific agonist with low penetrance to the CNS, resulting in stimulatory peripheral bone effects without having inhibitory central bone effects. However, further studies are required to characterize the relative importance of central-versus peripheral ERα-mediated actions for other nonbone related estrogen effects. These studies might result in the development of a treatment preserving bone mass with minimal side effects in other tissues.
In summary, although peripheral ERα activation increases bone mass, we here demonstrate that central ERα activation decreases bone mass, indicating that the balance between peripheral stimulatory and central inhibitory ERα actions is important in the regulation of bone mass. We propose that the main mechanism for the increased bone mass in the nestin-ERα −/− mice is mediated via decreased central leptin sensitivity in the hypothalamus, and thereby increased secretion of leptin from WAT, which, in turn, results in increased peripheral leptin-induced bone formation.
Materials and Methods
Animals. All animal experiments have been approved by the local Ethical Committee for Animal Research at the University of Gothenburg.
Nestin-Cre mice, which express the Cre recombinase specifically in neuronal and glial precursor cells (27) ) has previously been described (45) . These mice have a deletion in exon 3 of the ERα gene and they do not express any of the isoforms of the ERα protein (45) . The total ERα −/− mice and WT control (ERα +/+ ) littermates were generated by breeding male ERα +/− with female ERα +/− mice.
Female mice were terminated at 3-4 mo of age and phenotyped. T-cell proliferation was analyzed in 7-mo-old female mice. Leptin, leptin receptor, PTP1b, and suppressor of cytokine signaling-3 mRNA expression and fat content were analyzed in 9-wk-old mice. Ovx or sham-operation was performed in 3-mo-old mice, which were terminated 4-wk later.
Further details are provided in SI Materials and Methods.
Serum Measurements. Commercially available RIA kits were used to determine serum levels of testosterone (MP Biomedicals), estradiol (Siemens Medical Solutions Diagnostics), and LH (IDS Nordic). Urinary elimination of catecholamines, serum serotonin levels, and serum leptin levels were measured using ELISA (Labor Diagnostika Nord, Fitzgerald Industries International, Crystal Chem). Creatinine content was measured in urine using a colorimetric assay (Cayman Chemical). Serum levels of FSH were measured by immunofluorometric assays (Delfia; Wallac), as previously described (46) .
Measurement of Central Serotonin Levels. Levels of serotonin in frozen (−80°C) brain tissue (cortex and hippocampus) were analyzed using HPLC. Further details are provided in SI Materials and Methods.
Gene Expression Analyses. Total RNA from tibia, femur, hypothalamus, WAT, BAT, spleen, uterus, liver, and striated muscle was prepared for real-time PCR analysis. Further details are provided in SI Materials and Methods.
pQCT. pQCT was performed with the Stratec pQCT XCT Research M (Norland; v5.4B9), operating at a resolution of 70 μm, as described previously (47) . Trabecular BMD was determined ex vivo, with a metaphyseal scan of the proximal tibia and the distal femur at a distance from the growth plate corresponding to 3% of the total length of the bone. The trabecular bone region was defined as the inner 45% of the cross-sectional area. Cortical BMD was analyzed with a middiaphyseal scan of femur and tibia.
MicroCT. μCT analyses were performed on the distal femur, proximal tibia, and lumbar vertebra (L 5 ) by using Skyscan 1072 scanner (Skyscan), as previously described (48) . Further details are provided in SI Materials and Methods.
Histomorphometry. Trabecular bone from femur and tibia was evaluated using static and dynamic histomorphometric analyses (49, 50) . Further details are provided in SI Materials and Methods.
Three-Point Bending. The femurs were fixed in Burkhardt's formaldehyde for 2 d and after that stored at +4 C°in 70% ethanol for μCT and pQCT scanning. Before the mechanical testing, the bones were rinsed from ethanol and kept in PBS for 24 h. The biomechanics was analyzed with the three-point bending test (span length 55 mm, loading speed 0.155 mm/min) for the mid femur using the Instron universal testing machine (Instron 3366; Instron Corp.). The biomechanical parameters were calculated based on the recorded load deformation curves.
Flow Cytometry. For flow cytometry analyses, bone marrow cells were stained with FITC-conjugated antibodies to CD3 for detection of T lymphocytes. The cells were then subjected to FACS on a FACSCalibur (BD Pharmingen). Further details are provided in SI Materials and Methods.
T-Cell Proliferation. Con A-induced T-cell proliferation was performed on isolated spleen cells from 7-mo-old female mice, as previously described (51) and presented as mean of counts per minute from triplicate stimulated cultures minus mean of counts per minute from unstimulated cultures.
